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I. INTRODUCTION
Zwilling et al. 1 first reported growth of porous TiO 2 layers by electrolytic anodization. Subsequent continuous development has led to anodization now allowing costeffective synthesis of highly regular, self-organized TiO 2 nanotube arrays. [2] [3] [4] [5] [6] [7] The successful synthesis of TiO 2 nanotube arrays/forests has opened up new possibilities for their application in solar cells, 8, 9 photoelectrocatalysis, 10-12 and gas sensors. 13 The low cost and physical and chemical stability of TiO 2 are regarded as other advantages for these applications. TiO 2 nanotube arrays also show potential for biomedical applications such as supporting platforms for bone 14 and stem cells. 15 For instance, it has been reported that these nanotube arrays can improve cellular activity 15, 16 and greatly accelerate the growth of osteoblast cells. 14 In general, nanosized materials are expected to have different mechanical properties compared with those of their bulk counterparts. [17] [18] [19] However, it is a challenge to experimentally measure the mechanical properties of nanotubes at micro-and nanoscales. Until recently, compression testing of individual TiO 2 nanotubes was conducted using the cantilever of an atomic force microscope inside a transmission electron microscope. 20 It was unveiled their Young's modulus stay in the range of 23-44 GPa, showing strong geometrical dependence. 20 Unlike individual nanotubes, a highly regular TiO 2 nanotube array consists of a large number of nanotubes in close proximity to each other, so it is anticipated that their properties will be different to those of isolated nanotubes. However, the mechanical behavior of TiO 2 nanotube arrays has seldom been investigated. Crawford et al. 21 used nanoindentation to evaluate the elastic modulus of TiO 2 nanotube array deposited on Ti substrates and observed considerable densification and fracture of nanotubes. Tang and Li 22 carried out sliding wear tests to determine their resistance to sliding wear in different environments.
In this study, we investigate the mechanical behavior of TiO 2 nanotube arrays using a combined focused ion beam (FIB) and nanoindentation technique. The influences of loading rate, indentation depth, and indenter shape on the measured elastic modulus and hardness of TiO 2 nanotube arrays are investigated. The associated deformation and failure mechanisms of TiO 2 nanotube arrays under different indenters are discussed. Additionally, a theoretical model to predict the load-displacement (F-h) relationship of TiO 2 nanotube arrays under a large-radius conical indenter is presented.
II. MATERIALS AND EXPERIMENTAL PROCEDURE
A. Preparation of TiO 2 nanotube arrays TiO 2 nanotube arrays were fabricated via electrochemical anodization of titanium (Ti) foil in a two-electrode cell. The Ti foil was ultrasonically cleaned in ethanol and acetone before use. Platinum foil was used as the counter electrode. The electrolyte consisted of 0.25 wt. % ammonium fluoride (98%, ACS reagent, Sigma Aldrich, Australia) and 2 vol. % distilled water in ethylene glycol (!99%, Sigma Aldrich). Anodization was performed at 60 V for 48 h at room temperature. The morphology of the as-fabricated TiO 2 nanotube arrays was observed using a scanning electron microscopy (SEM) machine (ZEISS Sigma), as shown in Figs. 1(a)-1(d) . The average dimensions of nanotube arrays were obtained from at least 60 measurements at different locations and listed in Table I . The crystal structure of the arrays was examined using X-ray diffraction (XRD; PANalytical X'Pert Pro) with Cu Ka radiation in the 2h range of 10 -70 . The XRD pattern of a TiO 2 nanotube array on a Ti plate is 
B. Nanoindentation tests
Mechanical properties of the TiO 2 nanotube arrays were measured using a nanoindentation system (Hysitron TI 950) with displacement resolution of 0.04 nm and load resolution of 1 nN. Three types of indenters were used for nanoindentation tests, including a Berkovich indenter (three-sided pyramidal tip with a radius of approximately 100 nm and included angle of 142. 3 ), and two conical indenters, one with a 60 cone with a tip radius (R 0 ) of approximately 5 lm, and the other with 90 cone with R 0 of approximately 50 lm. Tip area functions of these indenters were carefully calibrated on fused quartz with known elastic modulus (69.6 GPa 6 5%) and hardness (9.25 GPa 6 10%). During indentation, F-h curves were recorded to evaluate reduced modulus E r and hardness H by
where dP/dh is the contact stiffness, P max is the maximum applied load, and A c is the contact area. E r combines the modulus of the indenter and specimen, which is given by
where E and v are the elastic modulus and Poisson ratio of the specimen, respectively, and E 0 and v 0 are the elastic modulus and Poisson ratio of the indenter, respectively. For a standard diamond indenter probe, E 0 is 1140 GPa and v 0 is 0.07. 25 Here, v of the TiO 2 nanotube array was chosen to be the same as that of bulk TiO 2 , i.e., 0.28. Using Eq. (2), E of a TiO 2 nanotube array can be calculated from the obtained E r .
Effects of loading rate, indentation depth, and indenter shape on the measured E and H are considered in this study. To this end, two sets of loading conditions were used. For the first one, the maximum applied load was 500 lN and holding time was 10 s. To examine the influence of loading rate on E and H, the loading rate was changed from 10 to 90 lN/s. The second one involved partial unloading before reaching the maximum load, allowing the mechanical properties corresponding to different indentation depths to be evaluated. Both Berkovich and conical (R 0 ¼ 5 lm) indenters were used in these tests to study the influence of indenter shape on the measured mechanical properties of the nanotube arrays. At least 10 indentations were conducted at different locations for each set of loading conditions.
C. Deformation mechanisms
After indentation, the indentation impressions were carefully observed using SEM. To illustrate the deformation and fracture processes under indentation, a square groove (20 Â 20 lm) on the surface of TiO 2 nanotube array was cut using a FIB machine (Quanta 200 3D). Then, the conical indenter with R 0 ¼ 5 lm was pressed on the groove edge. This allowed the deformed nanotubes under the indenter to be observed, as shown schematically in Fig. 2 .
III. RESULTS AND DISCUSSION

A. Evaluation of mechanical properties
The influences of indenter shape and indentation depth on the measured E and H of TiO 2 nanotube arrays were investigated. of the total array height), both E and H are approximately constant and independent of indenter shape. When indentation depth exceeds 220 nm, E and H increase with indentation depth. This can be attributed to a substrate effect as well as a densification process, which will be discussed in detail later.
In this work, 220 nm is much less than 10% of the total height of the arrays, so the substrate effect can be largely ignored. 25 Therefore, the evaluated E of $2 GPa and H of $15 MPa can be regarded as intrinsic properties of the TiO 2 nanotube array. For a tubular structure such as a TiO 2 nanotube array, the actual contact area between the indenter and tubes may be much smaller than the evaluated one based on the indenter shape and penetration depth. The actual contact area A 21, 27 respectively. Single-crystalline TiO 2 can have a much higher E of about 300 GPa. 28 In contrast, H varies dramatically for different TiO 2 -based materials. For instance, H of nanophase TiO 2 is around 3 GPa, compared with 13 GPa for single-crystalline rutile TiO 2 at room temperature. 29 A TiO 2 granular thin film possessed H of 500 MPa, 30 which is of the same order as our result. Fig. 3 shows that E and H evaluated by the conical indenter with R 0 ¼ 5 lm are higher than those determined by the Berkovich indenter, especially at a large indentation depth. This is related to the different deformation processes of the arrays under these two indenters. We will discuss the deformation mechanism of the TiO 2 nanotube arrays in detail in Sec. III B.
The influence of loading rate on measured E and H was also investigated. Fig. 4 displays the average values of E and H measured using a Berkovich indenter with different loading rates (10-90 lN/s) at an indentation depth of around 700 nm. We found that E is approximately independent of loading rate. Meanwhile, H increases initially and then decreases slightly as the loading rate increases further but there is large data scatter.
B. Deformation mechanisms
TiO 2 nanotube array deformation under a Berkovich indenter
During nanoindentation, a sharp indenter such as a Berkovich indenter can easily indent into the nanotube array, leading to bend, collapse, and densification of individual nanotubes. There are three partition lines in the indentation impressions, as clearly shown in Figs. 5(a) and 5(b). The TiO 2 nanotube array is split by the three faces of the Berkovich indenter. The shear forces between the indenter tip and TiO 2 nanotube array concentrate at the tip edges rather than on their faces. 31 Therefore, the partition lines match the pyramidal geometry of the Berkovich tip well. The inner part of the indentation impression (Fig. 5(b) ) has some collapsed TiO 2 nanotubes, and the outer part has many small fragments of fractured TiO 2 nanotubes.
Based on the observed indentation impressions caused by the Berkovich indenter, a possible deformation process of the TiO 2 nanotube array under indentation with the Berkovich indenter was proposed, as shown in Figs. 5(c)-5(e). At a very shallow indentation depth (Fig. 5(c) ), the TiO 2 nanotubes first bend elastically, as shown in the inset of Fig. 6(a) , to a penetration depth of 220 nm. Because of the brittle nature of TiO 2 nanotubes, they elastically bend up to a very small strain $5%. 20 As the indentation depth increases, they fracture, which is observed as "pop-in" in the F-h curves. As illustrated in Fig. 5(d) , as indentation depth increases, fractured TiO 2 nanotubes interact with neighboring nanotubes, causing them to bend and fracture. The small fragments from fractured region I are mostly subjected to direct compression. To illustrate the deformation process, a square groove (20lm Â 20 lm) was cut on the surface of TiO 2 nanotube arrays using a FIB, as shown in Fig. 8(a) . Then, indentation using the conical indenter (R 0 ¼ 5 lm) was conducted right on the edge of this groove so that a cross section of the evolution of deformation could be clearly observed. As depicted in Fig. 8(b) , there is no obvious fracture of TiO 2 nanotubes induced by buckling. Therefore, the TiO 2 nanotubes in region I mainly undergo brittle fracture under the compression load. Based on these results, the proposed deformation process of TiO 2 nanotube arrays under a conical indenter (R 0 ¼ 5 lm) is illustrated in Figs. 7(c)-7(e) . At small indentation depths of less than 220 nm, TiO 2 nanotubes first deform elastically, as shown in the inset of Fig. 6(b) . After this, the TiO 2 nanotubes experience brittle fracture (Fig. 7(c) ). With increasing indentation depth, more TiO 2 nanotubes are crushed into small fragments.
These small fragments gradually become compacted and finally result in densification ( Fig. 7(d) ). As shown in Fig. 7 (e), densification increases with indentation depth. Further increase of indentation depth may cause the TiO 2 nanotubes remote from the indenter to bend and fracture.
The densification process decreases porosity and gradually increases elastic modulus until the fully dense counterpart is obtained. A phenomenological model was used to describe the evolution of engineering stress for foams as
where r and e are the engineering stress and engineering strain, respectively, and l and k are constants for a given class of foams. A and B are two parameters related to the compressive modulus of foams. The first term is used to model the elastic plateau region, while the second one is used to fit the densification region. Based on this, we assumed that the stress-strain curve of the TiO 2 nanotube arrays follows a simple power law expression during densification, i.e.:
where C is a parameter related to the compressive modulus of TiO 2 nanotubes, n is the densification power index, and e i is the strain where densification begins. Next, e corresponding to a radius r can be calculated as follows:
where L is the length of the TiO 2 nanotubes. As shown in Fig. 9(a) , indentation depth at r can easily be calculated from R 0 and h as
When R 0 is large enough compared with the size of a nanotube, the total external load F can be determined by the integral
where RðhÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi hð2R 0 À hÞ p is the contact radius of a conical tip at indentation depth h. When R 0 ) h, Eq. (7) can be integrated and written as
To verify this model, we conducted indentation tests using a conical indenter with a much larger tip radius (R 0 ¼ 50 lm). Based on the observation of fractured nanotubes, it is clear that the deformation is dominated by densification of the TiO 2 nanotube arrays under compression load. Eq. (8) indicates that there is a nonlinear relationship between F and h, with F $ h nþ1 during densification. Fitting the experimental results of the F-h curve obtained with a conical indenter with R 0 ¼ 50 lm yielded a relation of F $ h 2.925 , as shown in Fig. 9(b) . Here, F and h exhibit a strongly nonlinear relationship. Generally, a homogeneous elastic material will satisfy the Hertz elastic model of a solid sphere and planar surface in contact where the relation between F and h is F $ h 1.5 . 33 Porous materials such as forests of coiled carbon nanotubes (CCNTs) show a nonlinear relation of F $ h 2 . 34 The strong nonlinearity of this F-h relation is caused by the complicated underlying deformation mechanism of the CCNT forest. Such deformation involves both individual elastic deformation and tube-totube entanglement of CCNTs. The even more nonlinear relation exhibited by the TiO 2 nanotube arrays (F $ h 2.925 ) can also be explained by their complicated deformation mechanism. In this case, elastic deformation is neglected because of the extremely small elastic deformation of the nanotubes, and brittle fracture and densification of TiO 2 nanotubes contribute to the total F-h relation. The theoretical model expressed by Eq. (8) also reveals that the F-h relation strongly depends on n.
IV. CONCLUSIONS
We conducted nanoindentation tests to investigate the mechanical behavior of TiO 2 nanotube arrays. We found that, at a small indentation depth (within 2.5% of the array height), the intrinsic elastic modulus and hardness of the TiO 2 nanotube arrays were 5.1 GPa and 93.8 MPa, respectively. With increasing indentation depth, influences of substrate and densification could not be ignored. The deformation mechanisms of the TiO 2 nanotube arrays strongly depend on the shape of the indenter. With a Berkovich indenter, the deformation is initially dominated by the fracture of the nanotubes under bending forces via interaction with neighboring tubes, followed by densification. For conical indenters, discrete brittle fracture and densification dominate the deformation process because most tubes are subjected to compression loads. A model was built to predict F-h curves under a large-radius conical indenter. This model predicted a nonlinear relationship between force and displacement for the TiO 2 nanotube arrays, with F $ h 2.925 . This demonstrates that the deformation process of TiO 2 nanotube arrays involves discrete brittle fracture and densification, which is quite different from that of homogeneous elastic solids.
